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Developmental Differences in White Matter
Architecture Between Boys and Girls
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Abstract: Previous studies have found developmental differences between males and females in brain
structure. During childhood and adolescence, relative white matter volume increases faster in boys
than in girls. Sex differences in the development of white matter microstructure were investigated in a
cohort of normal children ages 5-18 in a cross-sectional diffusion tensor imaging (DTI) study. Greater
fractional anisotropy (FA) in boys was shown in associative white matter regions (including the frontal
lobes), while greater FA in girls was shown in the splenium of the corpus callosum. Greater mean dif-
fusivity (MD) in boys was shown in the corticospinal tract and in frontal white matter in the right
hemisphere; greater MD in girls was shown in occipito-parietal regions and the most superior aspect
of the corticospinal tract in the right hemisphere. Significant sex—age interactions on FA and MD were
also shown. Girls displayed a greater rate of fiber density increase with age when compared with boys
in associative regions (reflected in MD values). However, girls displayed a trend toward increased or-
ganization with age (reflected in FA values) only in the right hemisphere, while boys displayed this
trend only in the left hemisphere. These results indicate differing developmental trajectories in white
matter for boys and girls and the importance of taking sex into account in developmental DTI studies.
The results also may have implications for the study of the relationship of brain architecture with intel-

ligence. Hum Brain Mapp 29:696-710, 2008.
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INTRODUCTION

Sex differences in brain structure and pathology have
been shown for various pathologies such as alcoholism
[Pfefferbaum et al, 2001] and schizophrenia [Highley
et al., 2003]. Since the advent of magnetic resonance imag-
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ing (MRI) of the brain, researchers have been able to exam-
ine sex differences in brain structure and function in more
detail than was possible previously, when researchers
would have to rely mainly on postmortem histologies. A
greater knowledge of sexual dimorphism in the brains of
normal healthy individuals and its developmental implica-
tions should be useful for a better understanding of the
neuroanatomical underpinnings of various pathologies.
Across all age ranges, many studies have shown that
males have greater total cerebral volume, as well as total
gray and total white matter volumes compared to females
[Allen et al., 2003; Blatter et al., 1995; Caviness et al., 1996;
De Bellis et al., 2001; Filipek et al., 1994; Nopoulos et al.,
2000; Reiss et al., 1996]. When gray and white matter vol-
umes are normalized to total cerebral volume, however,
adult men possess a greater proportion of white matter
compared to adult women, who possess a correspondingly
greater proportion of gray matter relative to total cerebral
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volume [Allen et al., 2003; Gur et al., 1999]; this differentia-
tion has been found to be regionally specific [Luders et al.,
2005]. Absolute brain size differences between adult men
and women are mostly attributable to differences in white
matter volume [Passe et al., 1997], as are regional differen-
ces in gray/white matter volume ratio [Allen et al., 2003].

Using more advanced MRI techniques, sexual dimor-
phism in adults has been shown in a variety of additional
domains. For instance, a recent diffusion tensor imaging
(DTI) study found greater diffusion anisotropy in the left
frontal lobe of adult women as compared to men [Szeszko
et al., 2003]. Using functional MRI, sex differences in the
neural correlates of language function have been shown
[Shaywitz et al., 1995]. Structural and neuroanatomical dif-
ferences between adult men and women would likely
reflect differences in the correlation of brain architecture
with cognitive function. Accordingly, sex differences in the
neuroanatomical correlates of intelligence have been noted
[Andreasen et al.,, 1993], with women displaying a greater
dependence on white matter volume and men a greater
dependence on gray matter volume [Gur et al., 1999], a
finding which has been recently replicated and found to
be regionally specific [Haier et al., 2005]. Magnetic reso-
nance spectroscopy (MRS) has been used to measure N-
acetyl-aspartate (NAA) concentrations, and NAA levels in
frontal and parietal regions have been found to correlate
with intelligence in women but not in men [Jung et al,,
2005; Pfleiderer et al., 2004].

Of particular interest are developmental implications of
sexual dimorphism in the brain. While most brain struc-
tures scale uniformly to the adult brain size by the age of
7 in both sexes, the subcortical gray matter volume is rela-
tively larger in boys, and the volume of central white mat-
ter is smaller in boys, indicating a regression in relative
subcortical gray matter in boys, and a relatively larger
increase in central white matter volume occurring between
the age of 7 and adulthood [Caviness et al., 1996]. Boys
ages 5-18 also display greater variance in white matter
volume compared to girls [Reiss et al., 1996]. Normalizing
for whole brain size, a significant sex—age interaction has
been demonstrated, with boys displaying greater rates of
increase with age of normalized white matter volume, and
greater rates of decrease with age of normalized gray mat-
ter volume, relative to girls between the ages of 7-17 [De
Bellis et al., 2001]. Absolute white matter volume in the
left inferior frontal gyrus was shown to increase in boys
but not in girls [Blanton et al., 2004]; relative gray matter
volume (normalized for total intracranial volume) in the
left inferior frontal gyrus nevertheless remained larger in
boys.

A sexually dimorphic development of brain structure
may cause developmental differences between boys and
girls in the relationship of brain structure to cognitive
function. Differences in functional activation between boys
and girls for various elements of language processing have
been shown [Plante et al., 2006]. The relationship between
functional connectivity utilized for language processing

and intelligence also appears to differ between boys and
girls [Schmithorst and Holland, 2006, 2007]. More intelli-
gent boys develop a more modular functional architecture
with age, while more intelligent girls develop a more con-
nected functional architecture with age [Schmithorst and
Holland, 2006]; girls develop a greater reliance on inter-
hemispheric connectivity for intelligence with age, while
boys develop a greater reliance on specific connectivity
with the left inferior frontal gyrus (Broca’s area) [Schmi-
thorst and Holland, 2007].

These results, showing possible differences in brain
maturational processes between boys and girls, lead us to
investigate these differences further using DTI. Previously,
it was found that diffusion anisotropy increases with age
in regionally specific white matter regions including the
internal capsule and arcuate fasciculus, while mean diffu-
sivity decreases with age throughout the white matter
[Schmithorst et al., 2002]. A sexual dimorphism in this
maturational process is hypothesized, the specifics of
which are outlined below.

We predict a greater degree of anisotropy overall in
males. Males possess a greater number of neurons and
fewer neuronal processes [de Courten-Myers, 1999], with
greater absolute and relative white matter volume avail-
able for the inter-neuronal connections [Allen et al., 2003;
Filipek et al., 1994; Gur et al, 1999]. Thus, one might
expect males to possess fewer, but thicker, more organ-
ized, and possibly more myelinated fibers, with females
possessing more crossing fiber tracts. In adult men, higher
anisotropy has been observed in the corpus callosum,
hypothesized to be associated with increased myelination
[Westerhausen et al., 2003, 2004], despite greater fiber den-
sity in females [Highley et al., 1999]. This phenomenon,
however, will likely be regionally specific, depending on
the specific neuronal connections involved.

We also hypothesize a developmental effect related to
gray matter “pruning” [Casey et al.,, 2000; Courchesne
et al.,, 2000; Huttenlocher and Dabholkar, 1997, Hutten-
locher and de Courten, 1987]. Elimination of inefficient or
unnecessary neuronal connections, as well as the matura-
tion of other neuronal connections, especially in the frontal
lobe [Schlaggar et al., 2002] and corticospinal tract [Schmi-
thorst et al., 2002], results in increased fiber organization.
Therefore, we would expect to find specific regions exhib-
iting sex—age interaction effects on diffusion anisotropy,
reflecting developmental differences in brain organization
between girls and boys.

We predict that boys will exhibit greater mean diffusiv-
ity throughout the brain, reflecting fewer neuronal pro-
cesses but a larger volume of white matter. In addition, we
also expect that mean diffusivity will exhibit a sex—age
interaction effect, reflecting the sex—age interaction previ-
ously seen for the gray/white ratio [De Bellis et al., 2001].
These effects may be regionally specific. In some regions
such as the central white matter and the relative white
matter volume increases in girls and approaches that of
boys [Caviness et al., 1996]; in other areas, such as the left
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inferior frontal gyrus, the relative gray matter remains
larger in boys [Blanton et al., 2004].

MATERIALS AND METHODS

Subjects were recruited from an fMRI imaging study of
normal language development, to which a DTI acquisition
was added. Institutional Review Board approval was
obtained for the study and informed consent of parents
(with assent of children over the age of 8) was obtained
for all subjects. Subjects were recruited via advertisements
broadcast on local television stations and newspapers, and
posted in primary care clinics within the hospital and in
the metropolitan area. Healthy siblings of patients at our
hospital were also invited to participate. All potential par-
ticipants were pre-screened by questionnaire and struc-
tured telephone interview for any conditions (such as the
presence of orthodontic braces) which would prevent a
high-quality MRI scan from being acquired.

All children underwent a brief neurological examination
administered by a pediatric neurologist and subjects who
did not test within the normal range were excluded. Sub-
jects who were failing to maintain a C-average in school,
had a positive history for neurologic or psychiatric disease,
or a previous clinically indicated MRI scan, were excluded.
Subjects were likewise excluded if they were under treat-
ment (including medication) for any neurological or psy-
chiatric conditions, including treatment with psychoactive
drugs such as atypical stimulants, anti-depressants, or se-
rotonin reuptake inhibitors. Additional exclusion criteria
included: learning disability, head trauma with loss of con-
sciousness, pregnancy, and birth at 37-weeks gestational
age or earlier. The structural MR images obtained for each
subject during this study were read by a pediatric neurora-
diologist. Abnormal findings were reported to the subjects’
primary physicians through an IRB-approved process.
Neurocognitive assessment and testing was done under
the supervision of a board certified pediatric neuropsy-
chologist. All subjects received the Wechsler Preschool and
Primary Scale of Intelligence, Revised (WPPSI-R), Wechsler
Intelligence Scale for Children, Third Edition (WISC-III), or
the Wechsler Adult Intelligence Scale, Third Edition
(WAIS-III).

DTI data was successfully acquired from 106 children
(54 F, 52 M, mean * std age = 12.3 * 3.5 years). The
mean Full-Scale IQ score was 1109 * 13.7 (mean =* std).
There was no significant difference between boys and girls
on age (girls = 12.4 = 3.5 years [range 5.8-18.7 years],
boys = 12.1 * 3.6 years [range 5.7-18.3 years]; P > 0.6,
student’s t-test), Full-Scale IQ (girls = 111.1 * 15.4, boys =
110.7 = 11.7; P > 0.8, student’s t-test), Verbal IQ (girls =
112.2 = 15.2, boys = 111.3 = 12.1; P > 0.7, student’s t-test),
or Performance IQ (girls = 107.9 * 16.1, boys = 108.3 =
11.7; P > 0.8, student’s t-test). Additionally, none of the
three IQ measures displayed a significant sex—age interac-
tion, examined via a two-way ANOVA (P > 0.4). Ninety-

nine of the subjects were right-handed, six were left-
handed (4 M, 2 F), and one (M) was ambidextrous accord-
ing to the Edinburgh Handedness Inventory [Oldfield,
1971]. The distribution of non-right-handedness did not
differ significantly between boys and girls (P > 0.2, 3> con-
tingency test).

Scans were acquired on a Bruker 3T Medspec 30/60
MRI system with *40 mT/m model SK330 asymmetric
imaging gradients (Bruker BioSpin MRI GmbH, Ettlingen,
Germany). EPI-DTI scan parameters were: TR = 6,070 ms,
TE = 87 ms, FOV = 19.2 cm X 25.6 cm, slice thickness =
5 mm, matrix = 64 X 128, A = 40 ms, § = 18 ms, diffusion
gradient strength = 30 mT/m, b-value = 710 s/mm?®. For
47 subjects, the FOV in the readout (L-R) direction was
25.6 cm instead of 19.2 cm. Three scans were acquired
without diffusion weighting, and 25 diffusion-weighted
scans were acquired, with diffusion directions determined
using the electrostatic repulsive model [Jones et al., 1999].
Geometric distortion due to gradient eddy currents was
minimized using an automated gradient preemphasis
adjustment routine [Schmithorst and Dardzinski, 2002].
The raw DTI datasets were corrected for geometrical dis-
tortion arising from main magnetic field inhomogeneity
using the multiecho reference method [Schmithorst et al.,
2001]. In addition, T1-weighted whole-brain 3D MP-RAGE
anatomical scans were acquired for each subject. Scan pa-
rameters for the MP-RAGE scan were: TI/TR/TE = 550/
15/4.5 ms, FOV = 19.2 cm X 25.6 cm X 19.2 cm, matrix =
128 X 256 X 128.

Spatial normalization and whole-brain segmentation was
performed for each subject using procedures in SPM5
(Wellcome Dept. of Cognitive Neurology, London, UK)
applied to the Tl-weighted anatomical images. Pediatric
templates for prior probabilities of gray and white matter
distribution [Wilke et al., 2003a] were used to improve seg-
mentation accuracy of our pediatric images. Unlike results
obtained using an adult template, neither affine scaling pa-
rameters nor white matter probability maps correlate with
age using a pediatric template [Wilke et al., 2002]. The seg-
mentation results were output in native space and the spa-
tial transformation into standardized Montreal Neurologi-
cal Institute (MNI) space was found by normalizing the
white matter probability maps to the white matter pediat-
ric template. This procedure was used to ensure maximum
accuracy for normalization of the white matter. The white-
matter probability maps from each subject were then trans-
formed into the MNI space, and resampled to 2-mm iso-
tropic resolution. (The transformation parameters found
for normalization of the white matter were also used for
normalization of the DTI parametric maps.)

While the SPM5 segmentation algorithm contains built-
in procedures for bias regularization (from artifacts due to
Bl inhomogeneity) and for ignoring the skull (obviating
the need for skull-stripping prior to normalization or seg-
mentation) it was found that this procedure failed to yield
robust results in 13 of the subjects, where the Bl inhomo-
geneity was especially severe. Hence the segmentation was
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repeated, using the bias-corrected T1-weighted image as
the starting image; this procedure yielded acceptable
results in 12 of 13 subjects; in the other subject, acceptable
results were obtained via skull-stripping the image using
the brain extraction tool (BET) available in MRIcro
(www.mricro.com) prior to the segmentation.

To minimize artifacts from subject motion, the Robust
EStimation of Tensors by Outlier REjection (RESTORE)
method was utilized [Chang et al., 2005]. Empirical visual
analysis showed the method to be robust in rejecting data
points corrupted by gross motion or by motion during the
diffusion-sensitizing gradient. Visual analysis was also
used to inspect the data for gross head motion (causing
misregistration); this resulted in 9 data sets being rejected
(not included in the count of 106 total subjects). Estimates
of subject motion were also obtained from the four fMRI
paradigms performed during the same scanning session as
the DTI acquisition. The median voxel displacement (in
mm) was computed for each subject across the four para-
digms. Since subjects are likely to exhibit increased motion
towards the end of the paradigms, the analysis was also
repeated using only the first 2:48 of data (corresponding to
the total scantime for the DTI acquisitions), and using only
the first 2:00 of data in each paradigm.

The DTI tensor components were computed from each
DTI dataset using the RESTORE technique. Fractional ani-
sotropy (FA) and mean diffusivity (MD) maps were then
computed from the tensor components. The maps were
transformed into MNI space (using the same transforma-
tion parameters as found from normalization of the white
matter) and resampled to 2 mm isotropic resolution using
nearest-neighbor sampling. For additional accuracy (in
case of slightly different subject positioning due to motion
in the time between the DTI and whole-brain acquisitions),
the FA maps were co-registered (using a rigid-body trans-
formation) to the white matter probability maps for each
subject and the MD maps were co-registered using the
same transformation parameters found from the FA co-
registration. For each subject, analysis was restricted to
voxels with a white matter posterior probability of >0.9
from the SPM segmentation results, as well as FA >0.25.
Globally, analysis was restricted to voxels in which the
above criteria were met for at least 60 subjects. A total of
24,278 voxels met the criteria and were retained for further
analysis. The strict thresholds used for restricting the sub-
set of voxels analyzed minimize the risk of spurious
results because of partial volume effects and imperfect
spatial normalization, at the cost of only being able to
examine the larger white matter tracts.

The study involved data acquired from the summer of
2001 until the winter of 2004. In September 2001, the elec-
tronics, including gradient amplifiers, on the Bruker 3T
system were upgraded to the AVANCE platform; how-
ever, data from 42 subjects was acquired prior to the
upgrade. Differences in gradient performance associated
with the upgrade could impact the calculated FA values,
and especially MD values, since the computed b-value is

proportional to the square of the gradient amplitude. Dif-
ferences in acquired resolution (due to the differing
acquired voxel size in the L-R dimension) could also possi-
bly introduce a systematic bias in the FA and MD values.
We tested these potential confounding variables and found
the relationship between sex and scanner architecture to
be significant (P < 0.01, x> contingency test). The relation-
ship between sex and voxel size almost approached signifi-
cance (P = 0.053, ° contingency test). Hence the following
modified General Linear Model (GLM) was used to ana-
lyze the data, to remove any possible effect because of
voxel size or scanner configuration. The data was segre-
gated into three groups: smaller voxel size and original
scanner architecture, smaller voxel size and upgraded
scanner architecture, and larger voxel size and upgraded
scanner architecture. (There was only one subject with
larger voxel size and original scanner architecture; this
data was discarded.) The GLM was performed independ-
ently on the three groups and the results combined by
averaging the (signed) R-squared values, weighted by the
number of degrees of freedom in each analysis.

The modified GLM was then used to analyze the data.
Three covariates were used: sex, age (in months), and sex—
age interaction. The GLM was performed for the contrasts
of main effect of sex, and the sex—age interaction, with age
a covariate of no interest. T-score maps from the GLM
were converted into Z-score maps, and filtered with a
Gaussian filter of width 3 mm. However, to prevent
“bleeding” of regions with significant effects into sur-
rounding gray matter or CSF, the filtering was restricted to
voxels inside the white matter mask [Schmithorst et al.,
2005]. A threshold of Z = 9 (Z = 10 for MD) with spatial
extent threshold of 80 voxels (~0.60 cc) was used. Since
the filter width used was not significantly bigger than a
single voxel, however, standard Gaussian random field
theory would not provide a sufficiently accurate estimate
of corrected P-values (for comparisons involving multiple
voxels). Hence a Monte Carlo simulation, based on the
method of [Ledberg et al., 1998], was used to estimate cor-
rected P-values. Noise images were created from Principal
Component Analysis of the data, and used to estimate the
intrinsic spatial autocorrelations. The Monte Carlo simula-
tion was performed, using those parameters, to simulate
random noise with the same characteristics as present in
the data. The cluster statistics from the Monte Carlo simu-
lation were stored and used to estimate the significance of
the found clusters in the data. A double-tailed threshold of
P < 0.01 was used for significance.

For each region found to exhibit a significant main effect
of sex or sex—age interaction for FA or MD, the average
values (FA or MD) for the ROI were computed for boys
and girls, separated out into pre-adolescent (<10 years),
early adolescent (>10 years and <14 years), and late ado-
lescent (>14 years). The centroid of each region was
also computed; a transformation from MNI coordinates
to Talairach coordinates was performed using the nonlin-
ear mni2tal procedure outlined in (http://www.nil
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wustl.edu/labs/kevin/man/answers/mnispace.html). For
the sex—age interaction, the correlation coefficients between
average FA or MD and age were computed, separately for
boys and girls. For each comparison (FA main effect, FA
sex—age interaction, MD main effect, and MD sex—age
interaction) the effect size f 2 was computed [Cohen, 1988].
Results of these analyses are included in Tables I-IV. For
the regions with main effect of sex on FA or MD, the
results could be affected by earlier sexual maturation in
girls. (This is not a concern for the interaction effects as
the differences in slopes of MA or FD with age will not be
affected.) Thus, the effect sizes for the main effects were
re-computed with 24 months added to the girls’ ages to
account for their earlier maturity (data not shown).

Results from each ROI were statistically validated via a
Monte Carlo simulation as follows. The average FA or MD
values were entered into a GLM (segregated by voxel size
and scan group) in a similar manner as the voxelwise anal-
ysis. The Z-scores from this analysis were compared to
those generated from a Monte Carlo simulation. The
Monte Carlo technique simulates the distribution of Z-
scores that would be obtained from spurious clusters (false
positives) in the voxelwise analyses. Gaussian random
noise was generated, with the same autocorrelative struc-
ture as that in the data. The dataset was then Gaussian fil-
tered with a width of 1 voxel, to simulate the filtering
applied to the Z-score maps from the voxelwise analyses.
A cluster of voxels in the simulated dataset was found
using a cluster size (spatial extent threshold) of 80 voxels,
and an intensity threshold corresponding to the maximum
value for which a cluster of 80 voxels was present. The av-
erage intensity of the voxels from the unfiltered dataset
was stored and the simulation repeated 2,000 times. The
Z-scores from the ROI GLM analysis were then compared
to the null distribution generated from the Monte Carlo
simulation for significance. A significant finding from the
Monte Carlo analysis yields additional confidence in the
validity and robustness of the results from the voxelwise
analyses and limits the possibility of Type I errors.

Additional post-hoc analyses were also performed. ROIs
with a significant main effect of sex on FA were tested for
a significant main effect of sex on MD; ROIs with a signifi-
cant sex—age interaction on FA were tested for a significant
sex—age interaction on MD; and ROIs with a significant
main effect or sex—age interaction on MD were likewise
tested for similar effects on FA.

It was also desired to analyze to what extent the sex-
related differences seen in FA and MD values might be
associated with global white matter maturational pro-
cesses, which would be reflected in global white matter vol-
ume. Age has been shown to correlate both with regional
FA values [Schmithorst et al., 2002] and global white mat-
ter volume [Courchesne et al, 2000] in the age range
under study, indicating that age might be a suitable proxy
for global white matter maturation. However, there still
might be sex-related differences from differing develop-
mental trajectories in global white matter volume between

boys and girls. Because of time constraints, we used a fast
scan sequence for acquiring our whole-brain anatomical
data, which, while providing a reasonable measure of
white matter location and probability using SPM, was
nevertheless not of sufficient quality to enable a reliable
quantification of cerebral global white matter volume, as
there was a significant confound from the failure of the
SPM procedure to remove extra-cerebral tissue, and to reli-
ably segment areas of white matter (such as the internal
capsule) from surrounding gray matter in which there was
low contrast (such as the thalamus and basal ganglia).
Hence, global white matter volume was excluded from
subsequent analyses.

RESULTS

The stringent criteria used for the global white matter
mask resulted in inclusion of most areas of white matter,
with the exception of the body of the corpus callosum near
midline and the most frontal and lateral aspects of the ar-
cuate fasciculus bilaterally (Fig. 1). The nonlinear normal-
ization technique used was robust for most white matter
areas; however, there was significant inter-subject variabili-
ty in the morphometry of the superior region of the corpus
callosum. The most frontal and lateral aspects of the arcu-
ate fasciculus were also excluded because of the smaller
size of the white matter tracts in this region; analyzing
smaller tracts with the acquired voxel size (3 mm X 2 mm X
5 mm or 4 mm X 2 mm X 5 mm) will result in partial-
volume effects and contamination with surrounding gray
matter being a substantial confound.

Results from the motion analysis performed on the fMRI
data yielded significantly more motion in boys than in
girls (P < 0.05, independent t-test). The mean (*std.) dis-
placement in boys was 1.67 * 0.89 mm and the mean
(*std.) displacement in girls was 1.30 = 0.86 mm. When
the motion analysis was repeated using only data from the
start of the fMRI paradigms up to the total scantime for
the DTT acquisition (2:48), the results improved. The mean
(*std.) displacement in boys was 1.22 * 0.75 mm and the
mean (*std.) displacement in girls was 0.95 = 0.64 mm.

P

+40 mm

T,

+23 mm 0 mm

Figure 1.
The white matter mask (pure white voxels), displaying the voxels
used for analysis of the DTl data (overlaid on the averaged
whole-brain anatomical image for selected sagittal slices). Slice
location (L-R; Talairach coordinate system) given at bottom of
each frame.
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Figure 2.
Regions with a significant main effect of sex on FA (blue = boys > girls, yellow-red = girls >
boys) in a cohort of 105 children ages 5-18 years. Slice location (L-R; Talairach coordinate sys-

tem) given at bottom of each frame.

The difference was also significant (P < 0.05, independent
t-test). Repeating the analysis using only data from the
start of the fMRI paradigms until 2:00 elapsed in the para-
digms, the mean (* std.) displacement in boys was 1.06 =
0.70 mm and the mean (* std.) displacement in girls was
0.84 = 0.58 mm. This difference is no longer significant
(P > 0.05, independent ¢-test).

Results for main effect of sex on FA are displayed in
Figure 2. Average FA values for each region found are
tabulated in Table I, separated out by sex and age group-
ing (pre, early, and late adolescence). Girls displayed
higher FA than boys in the splenium of the corpus cal-
losum. Boys displayed higher FA than girls in frontal
white matter areas bilaterally, in the right arcuate fascicu-
lus, and in left parietal and occipito-parietal white matter.

Results for the sex—age interaction on FA are displayed
in Figure 3. Average FA values for each region are tabu-
lated in Table II, again separated out by sex and age
group. The correlation coefficients of age with FA are tabu-
lated for each region separately for boys and girls. A
threshold of IRl > 0.27 (corresponding to P < 0.05 double-
tailed) is used to indicate significant correlation with age.
Boys displayed a positive correlation of FA with age and
girls displayed a negative correlation of FA with age in the
left frontal lobe. Girls displayed a positive correlation of
FA with age and boys displayed a negative correlation of
FA with age in the right arcuate fasciculus. Girls display a
positive correlation of FA with age, with no significant cor-
relation in boys, in the right frontal lobe and right occi-
pito-temporo-parietal white matter.

+20 mm

23 mm

+37 mm

Figure 3.
Regions with a significant sex—age interaction on FA (blue =
boys > girls, yellow-red = girls > boys) in a cohort of 105 chil-
dren ages 5-18 years. Slice location (L-R; Talairach coordinate
system) given at bottom of each frame.

Results for main effect of sex on MD are displayed in
Figure 4 and tabulated in Table III. Boys displayed higher
MD in the corticospinal tract bilaterally and in the right
frontal lobe. Girls displayed higher MD in the right arcu-
ate fasciculus, right occipito-parietal white matter, and
most superior aspect of the corticospinal tract in the right
hemisphere.

Results for the sex—age interaction on MD are displayed
in Figure 5 and tabulated in Table IV. Girls displayed a
negative correlation with age in the frontal lobes bilater-
ally, and in the right arcuate fasciculus and occipito-parie-
tal areas. Boys displayed no significant correlation in the
left frontal lobe and a significant negative correlation in
the right hemisphere (but with a lesser correlation com-
pared to girls).

+35 mm +23 mm 17 mm

Figure 4.
Regions with a significant main effect of sex on mean diffusivity
(MD) (blue = boys > girls, yellow-red = girls > boys) in a
cohort of 105 children ages 5-18 years. Slice location (L-R;
Talairach coordinate system) given at bottom of each frame.

+35 mm +23 mm 25 mm

Figure 5.
Regions with a significant sex—age interaction on mean diffusivity
(MD) (blue = boys > girls) in a cohort of 105 children ages 5—
18 years. Slice location (L-R; Talairach coordinate system) given
at bottom of each frame.
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TABLE I. Regions with significant differences in fractional anisotropy (FA) between boys and girls
in a sample of 105 children ages 5-18 years and the effect size (Cohen’s f?)

No. of Pre Pre Early Early Late Late
XY, Z voxels Location F? boys girls boys girls boys girls
—37, =55, 21 239  LOccParietal 022 048 + 0.011 045+ 0.008 0.49 * 0.007 0.48 = 0.011 051 = 0.011  0.47 = 0.009
20, 24, 23 1,018  RFrontal 027 042 =0.007 041 =0.006 044 =0.004 042 = 0.006 045 = 0.005 0.42 * 0.006
—18, —46, 26 100  LParietal 0.09 055 =* 0016 051 =0.013 055=*0.019 054+ 0.016 056+ 0.016 0.54 * 0.014
40, —19, 32 225  RArcuate 028 0.46 = 0.007 043 =0.010 047 =0.007 046 = 0.007 0.51 = 0.009 0.46 = 0.008
—21,13, 36 246  LFrontal 0.18 0.44 = 0.008 043 = 0.006 045 * 0.007 0.43 = 0.008 0.46 + 0.009 0.43 + 0.008
-1, -34,18 118  Splenium 0.17 0.72 £0.027 0.80 = 0.018 0.79 = 0.014 0.84 +0.012 0.82 +0.012 0.84 + 0.013

Location (X, Y, Z) in Talairach coordinates. FA values (mean * SEM) are broken down by age into pre-adolescent (<10 years), late ado-
lescent (>14 years), and early adolescent (>10 years and <14 years). OccParietal, occipito-parietal white matter.

The effect sizes (Cohen’s fz) for each contrast (main
effect of FA, main effect of MD, sex—age interaction on FA,
sex—age interaction on MD) are also displayed in Tables I-
IV and range from 0.09 to 0.37. As described in the Materi-
als and Methods section, effect sizes were also computed
for the main effects of FA and MD when the girls’ ages
were corrected for their earlier maturity. For the main
effect of FA, correcting the girls” ages for maturity resulted
in a larger effect size for every region with the exception
of the splenium, where f*> was reduced from 0.17 to 0.09.
The FA difference for most of the regions (boys > girls) is
opposite to what would be expected from girls” earlier ma-
turity, since FA has been shown to increase with age in
the white matter during normal development [Schmithorst
et al., 2002]. For the main effect of MD, correcting the girls’
ages for maturity resulted in a larger effect size for the
right occipito-parietal, right arcuate fasciculus, and most
superior aspect of the right corticospinal tract; approxi-
mately the same effect size for the corticospinal tract bilat-
erally; and a reduction in effect size for the right frontal
lobe (f* reduced from 0.13 to 0.04). This is related to the
decrease of MD with age in the white matter during nor-
mal development; the MD differences for the three regions
with girls > boys is opposite to what would be expected
from girls’ earlier maturity. There is a slight decrease of
effect size in the corticospinal tract (where MD of boys >
girls); this decrease is only slight since the magnitude of
the sex-related difference is significantly larger than the
magnitude of the age-related change. However, a large

decrease in effect size was seen in the right frontal lobe
and thus this result must be viewed with caution as it
could be confounded with effects because of girls’ earlier
maturation.

For each region exhibiting a significant sex—age interac-
tion effect for FA, scatter plots are shown in Figure 6. For
each region displaying a significant sex—age interaction
effect for MD, scatter plots are shown in Figure 7. The
plots graphically illustrate the differences in developmen-
tal trajectories between boys and girls for these regions. A
summary of the main findings of FA in the frontal lobes is
shown in Figure 8, with regions exhibiting a significant
main effect of sex on FA shown together with regions
exhibiting sex—age interactions.

For the validation procedure using the Monte Carlo sim-
ulation, the null distribution of Z-scores had a mean =
std. of 2.08 = 0.19. Each ROI found significant from the
voxelwise analysis had a (absolute value) Z-score from the
post-hoc GLM analysis of 2.94 or larger, corresponding to
double-sided P < 0.001, with the exception of the left pari-
etal region exhibiting a main effect of sex on FA, which
had a Z-score of 2.57, corresponding to double-sided P <
0.025.

For the post-hoc analyses (testing regions found via the
voxelwise analysis with a main effect or sex—age interac-
tion on FA for similar effects on MD and vice versa) the
results are as follows. All regions with a significant main
effect of sex on FA (Table I) also exhibited a significant
(P < 0.05) main effect on MD; the splenium had greater

TABLE Il. Regions with significant sex-age interactions in fractional anisotropy (FA) between boys and girls
in a sample of 105 children ages 5-18 years and the effect size (Cohen’s f?)

Late
girls

Late
boys

Pre Early
girls boys

Early
girls

No. of Pre
XY, Z voxels Location F? BoyR GirlR boys
—24,21,29 266 LFrontal 027 048
34, 50,21 241 ROccTempPar 0.37 —0.22
33, -31, 36 85 RArcuate 0.12 —0.40
19, 15, 39 110 RFrontal 0.17  0.07

—0.38 0.40 = 0.007 0.42 = 0.006 0.41 = 0.007 0.41 = 0.006 0.43 = 0.009 0.39 = 0.005
0.68 0.48 += 0.008 0.45 = 0.010 0.48 = 0.007 0.49 = 0.009 0.48 = 0.009 0.51 = 0.006
0.28 0.49 = 0.009 0.47 = 0.010 0.48 = 0.010 0.48 = 0.013 0.46 = 0.013 0.47 = 0.011
0.51 0.46 = 0.015 0.42 = 0.009 0.47 = 0.007 0.43 = 0.013 0.47 = 0.014 0.48 = 0.010

Location (X, Y, Z) in Talairach coordinates. R values, correlation coefficients between FA and age in boys and girls. FA values (mean *
SEM) are broken down by age into pre-adolescent (<10 years), late adolescent (>14 years), and early adolescent (>10 years and

<14 years). OccTempPar, occipito-temporo-parietal white matter.
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TABLE Ill. Regions with significant differences in mean diffusivity (MD) between boys and girls
in a sample of 105 children ages 5-18 years and the effect size (Cohen’s f?)

No. of Pre Pre Early Early Late Late
XY, Z voxels Location F? boys girls boys girls boys girls
—-15, -19, -1 373 CST 024 766 *0117 739 +0.157 772+0.122 738 =*0.131 773 *0116 7.19 *0.133
22,31,12 132 RFrontal 0.13 847 *0.129 788 +0.132 846 0363 787 =0.165 7.84* 0.169 7.39 = 0.100
36, —52, 31 80 ROccParietal 0.13 823 + 0.189 857 = 0.180 7.83 = 0.151 8.04 = 0.112 7.36 * 0.157 7.70 + 0.103
23,3,35 463 RArcuate 0.13 791 £0.082 796 = 0.097 7.62*0.061 7.80 = 0.097 743 * 0.084 7.58 * 0.064
23, —26, 45 310 RSupCST 010 791 =£0.106 795+ 0.080 7.61 *0.060 7.74=*0.079 736+ 0.080 7.57 * 0.078

Location (X, Y, Z) in Talairach coordinates. MD values (X10~* mm?/s; mean + SEM) are broken down by age into pre-adolescent (<10
years), late adolescent (>14 years), and early adolescent (>10 years and <14 years). CST, cortico-spinal tract, OccParietal, occipito-parie-

tal white matter.

MD in boys while all other regions showed greater MD in
girls. Of the regions with a significant sex—age interaction
effect on FA (Table II), only the right occipito-temporo-pa-
rietal region and the right arcuate fasciculus exhibited a
significant sex—age interaction effect on MD (boys > girls).
For the regions with a significant main effect of sex on MD
(Table III), all regions exhibited a significant main effect of
sex on FA with the exception of the right frontal lobe; the
corticospinal tract exhibited greater FA in girls while the
other regions (right arcuate fasciculus, right occipito-parie-
tal white matter, and the most superior aspect of the corti-
cospinal tract in the right hemisphere) exhibited greater
FA in boys. Of the regions with a significant sex—age inter-
action effect on MD (Table 1V), all regions except the left
frontal region exhibited a significant sex—age interaction
effect on FA (girls > boys).

DISCUSSION
Subject Population, Effect Sizes, and Study Power

Since all subjects were recruited for a normal cross-sec-
tional study of language development and scored within
the normal range for neurological and neuropsychological
measures, and their whole-brain scans were read as nor-
mal, our results may be taken as representative of a nor-
mal population, avoiding possible issues with transferabil-
ity of results [Rivkin, 2000] for studies involving clinically
referred subject populations only retrospectively classified

as normal. We expected the magnitude of the differences
to be small, and sensitivity was further reduced via use of
a voxelwise analysis technique (necessary due to the lack
of an a priori hypothesis). Thus, we utilized a rather large
sample size (>100 subjects) in order to achieve sufficient
power to detect differences between boys and girls.

Using a freely-available software program, G*Power 3.0.3
[Faul et al., 2007], a “sensitivity power analysis” was con-
ducted in order to determine theoretically derived (mini-
mum detectable) population effect sizes. For a population of
100 subjects, an effect size f> of 0.08 is detectable with o« =
0.05 and power = 0.8, and this approximately corresponds
to the lowest effect size found in our analysis. However,
most regions detected in our analysis had larger effect sizes.
With 60 subjects an effect size of > = 0.13 would be detecta-
ble at the same « and power level. Thus, studies with >60
subjects would be expected to detect most of the regions
found in the current study. Improved sensitivity is also
likely if an ROI-based DTI analysis technique (incorporating
a priori hypotheses) is used in preference to a voxelwise
analysis technique, and thus our results indicate that future
DTI studies of sex differences may be feasible with some-
what more moderate sample sizes.

Physiologic Correlates of FA and MD Differences

Differences in FA or MD could reflect a number of possi-
ble physiologic differences in the brain [Schmithorst et al.,
2002], and the exact physiological correlates of differences in

TABLE IV. Regions with significant sex-age interactions in mean diffusivity (MD) between boys and girls
in a sample of 105 children ages 5-18 years and the effect size (Cohen’s f?)

No. of Pre Pre Early Early Late Late
XY, Z voxels  Location F?> BoyR Girl R boys girls boys girls boys girls
—28,25,22 231 Lfrontal 0.19 -021 —0.60 7.87 = 0.103 7.99 = 0.130 7.89 = 0.098 7.80 * 0.079 7.70 = 0.101 7.52 = 0.101
34, —49,25 365 ROccParietal 0.18 —0.38 —0.65 854 = 0.138 8.76 = 0.145 8.35 + 0.103 8.17 + 0.117 8.21 + 0.126 7.96 = 0.093
33,-11,29 80 RArcuate 0.14 —-026 —0.61 7.58 + 0.117 7.80 = 0.099 7.39 = 0.080 7.44 + 0.136 7.38 = 0.130 7.19 = 0.110
24,8, 35 246  Rfrontal 013 -0.39 -057 7.85* 0.072 7.97 = 0.108 7.69 + 0.066 7.74 + 0.124 7.56 * 0.093 7.51 = 0.077

Location (X, Y, Z) in Talairach coordinates. R values, correlation coefficients between MD and age in boys and girls. MD values (X 107*
mm?/s; mean = SEM) are broken down by age into pre-adolescent (<10 years), late adolescent (>14 years), and early adolescent (>10

years and <14 years). OccParietal, occipito-parietal white matter.
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Scatterplots of FA for girls (pink, asterisks) and boys (blue, triangles) versus age, for each region

displaying a significant sex—age interaction (Table II).

FA and/or MD are a burgeoning topic of research which
we do not propose to address here. Differences in FA are
mostly thought to be the result of differences in fiber organi-
zation, but could also be related to myelination, fiber den-
sity, axonal diameter, and ratio of intracellular/extracellular
space. Differences in MD mostly relate to fiber density, but
are also affected by differences in axonal diameter and mye-
lination. Differences in the intracellular fraction relative to
the extracellular fraction are unlikely to result in a substan-
tial difference in MD [Duong et al., 2001].

Developmentally, decreases in MD with age and
increases in FA with age were shown throughout the
white matter [Schmithorst et al.,, 2002] in the same age
range as used in the present study. Thus, our results sug-
gest differences in maturational processes (affecting fiber
density, myelination, organization, and/or axonal diame-
ter) between boys and girls. Myelination differences in
particular may have important developmental implica-
tions; even though the brain is mostly myelinated by age
5, continuing myelination during the developmental pe-
riod may be an important developmental process [Fields,
2005], even possibly extending to age 30.

Regions With FA Differences
Between Boys and Girls

The splenium of the corpus callosum (Table I) was
found to exhibit a significant main effect of FA with girls

> boys. Via a post-hoc analysis, this region also showed a
significant sex—age interaction effect (T(90) = —2.6, P <
0.05), with boys showing a positive correlation with age
and “catching up” to girls later in development. Our
results thus indicate that organization of the splenium
fiber tracts occurs later in boys than in girls. The splenium
may in fact continue to mature in young adult men, as all
areas of the corpus callosum including the splenium were
shown to have greater FA in adult men as compared to
adult women [Westerhausen et al.,, 2004]. It has been
hypothesized [Westerhausen et al., 2004] that the greater
FA in adult men in the corpus callosum is due to the cor-
pus callosum in males containing fewer but thicker my-
elinated fibers. A histological study reported that male rats
exhibit thicker myelin sheaths in the splenium compared
to females [Kim et al.,, 1996]. Our results are consistent
with a process of increasing myelination in the splenium
of the corpus callosum in boys. The post-hoc analysis
showed greater MD (P < 0.05) in the splenium for boys
compared to girls, showing lower fiber density in males.
In accordance with our hypothesis, some associative
white matter regions were found to exhibit greater FA in
boys than girls (Table I), including frontal regions bilater-
ally, the right arcuate fasciculus, and left parietal and occi-
pito-parietal white matter. This sex-related difference
appears to be present across the age range (Table I).
Smaller FA in females in associative regions may appear at
first glance to be contrary to previous findings indicating

LFrontal ROccParietal RArcuate RFrontal
9.0 T T T 1 r T 9.0 T T T 9.0 T T T
8.5 & 4 10 8.5 8.5
8.0} ] 8.0
M5 B ¥.s "
7.0} ¢ 7.0 i
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Figure 7.

Scatterplots of MD (X 10~* mm?/s) for girls (pink, asterisks) and boys (blue, triangles) versus
age, for each region displaying a significant sex—age interaction (Table IV).
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Figure 8.
lllustration of sex and hemispheric differences for developmental
changes in FA in the frontal lobes (top, right hemisphere; bot-
tom, left hemisphere). Colored voxels (all colors) indicate FA
boys > FA girls (main effect). Blue voxels indicate sex—age inter-
action (boys > girls); pink voxels indicate sex—age interaction
(girls > boys). Slice locations (both hemispheres, Talairach coor-
dinates): |X| = |5 mm (top-left) to |X| = 25 mm (bottom-right).

that women possess a greater number of neuronal pro-
cesses [de Courten-Myers, 1999] and a greater dependence
on white matter architecture and/or organization for cog-
nitive function [Gur et al., 1999; Haier et al., 2005; Jung
et al.,, 2005; Schmithorst and Holland, 2006; Schmithorst
et al., 2005], as well as smaller white matter volume. How-
ever, in the post-hoc analysis all of the ROIs showing FA
in boys > FA in girls (Table I), also showed significantly
(P < 0.05) higher MD values in girls compared to boys.
Thus we hypothesize that the more constrained white mat-
ter space, lower degree of fiber density, and greater
dependence on intra- and inter-hemispheric connectivity
in females necessitates increased crossing of white matter
fiber tracts, resulting in lower FA values. Further research
will be necessary to determine whether the FA differences
found in fact indicate different developmental patterns of
white matter organization between girls and boys; our
results provide preliminary support for such a viewpoint.
Our results in the frontal lobes might seem to conflict
with a previous study [Szeszko et al., 2003] in which
greater FA was shown in the frontal lobes in adult women.
This discrepancy may be the result of continued matura-
tion of the frontal lobes beyond the oldest age in our
study, as the average age of subjects in the Szeszko et al.
study was approximately 30 years, and the peak of white

matter volume has been shown to occur at around 45-50
years of age [Bartzokis et al., 2001]. The frontal lobes are
the latest to develop [Wilke et al., 2003b], and delayed de-
velopment in boys may result in later pruning of anterior
white matter tracts after the age of 18; further research will
be necessary to investigate development of the frontal
lobes in the young adult age range. The discrepancy may
also be related to intelligence; measures of general intelli-
gence are not given in the Szeszko et al. study. Differing
trends in functional lateralization with age in children and
young adults as compared with older adults [Szaflarski
et al., 2006] have been demonstrated, which suggests that
pruning and optimization of neural circuits may differ
among these age groups.

Regions With Sex—Age Interactions on FA

One region was found in the left frontal lobe (Fig. 3;
Table II) showing a significant sex—age interaction effect
on FA with boys > girls. (The sex—age interaction effect is
interpreted as differences between boys and girls in the
slope of FA as a function of age. Accordingly, in this
region boys displayed a positive correlation of FA with
age while girls displayed a negative correlation of FA with
age (Fig. 3; Table II).) The post-hoc analysis for this region
did not reveal a significant sex—age interaction with MD.
Hence, the FA and MD results may indicate increased
white matter organization in boys (compared to girls) as a
function of age in the left inferior frontal gyrus, but with
no difference in the decrease of white matter density in
boys as a function of age.

This developmental framework is supported by previous
structural and functional MRI studies. The left inferior
frontal gyrus has been identified as a region in which boys
persist in maintaining greater relative gray matter volume
when compared with girls [Blanton et al., 2004], in contrast
to the global trend in the brain [De Bellis et al., 2001] of
boys’ decreasing relative gray matter volume to a lower
level than girls by age 12, continuing into early adulthood.
An fMRI study [Schmithorst and Holland, 2007] has
shown a positive correlation of intelligence in boys with
functional connectivity involving the left inferior frontal
gyrus (Broca’s area) for narrative comprehension, with the
opposite effect (negative correlation) present in girls. Con-
sistent with a previously hypothesized greater dependence
in boys for optimal neuronal pruning on intelligence
[Haier, 1993], our results suggest that the optimal develop-
mental strategy for boys may involve less neuronal prun-
ing in the left frontal lobe relative to other regions together
with increased connectivity with other brain regions,
reflected in an increase in FA with age and a greater pro-
portion of gray matter. On the other hand, girls’ decreased
reliance on functional connectivity with the left inferior
frontal gyrus would reflect a decrease in FA; unnecessary
or inefficient fiber tracts would no longer be maintained,
as inefficient synaptic connections are removed through
the gray matter pruning process [Casey et al., 2000;
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Courchesne et al., 2000; Huttenlocher and Dabholkar,
1997].

Our results in the left inferior frontal gyrus, however,
are also consistent with greater myelination in boys during
development. As adult men have fewer neuronal processes
[de Courten-Myers, 1999], they may be more reliant on the
greater speed in neuronal connections which increased
myelin provides. These differences may result from hor-
monal differences during development [Ducharme and
Forest, 1993], stronger hemispheric specialization in males
[Hiscock et al., 1994], or other factors. As this region is ad-
jacent to classical language processing areas (BA 44/9),
our results, showing continued maturation and directional
organization of left frontal white matter areas in boys but
not in girls, are in line with a recent study [Pujol et al.,
2006] postulating that myelination in infants and toddlers
is a critical step in the development of language skills. It is
well known that the acquisition of certain language skills
is delayed in boys relative to girls, and our results show
continued maturation of left frontal white matter in boys,
which may relate to continuing myelination.

Three regions in the right hemisphere (Table II; Fig. 3)
showed a significant sex—age interaction on FA with girls >
boys (slope of FA vs. age greater in girls). Girls display
increasing FA with age in regions in the right hemisphere,
with boys either showing no correlation or a decreasing cor-
relation of FA with age (Figs. 6 and 8). The post-hoc analysis
showed a significant (P < 0.05) age-sex interaction in MD
(boys > girls, indicating a greater rate of decrease of MD in
girls) for the right occipito-temporo-parietal region and the
right arcuate fasciculus; while no significant age—sex interac-
tion was shown for the right frontal area the region has a
similar location to a region displaying an age—sex interaction
in the voxelwise analysis (Fig. 5, Table IV).

Thus, girls appear to display a greater rate of increase
with age of fiber density, organization, and/or myelination
in these right hemisphere regions. Our results are in line
with a previous fMRI study [Schmithorst and Holland,
2007] showing increasing reliance for intelligence in girls on
inter-hemispheric functional connectivity and intra-hemi-
spheric functional connectivity in the right hemisphere.
These results may relate to hemispheric specialization; some
evidence [Hiscock et al., 1994, 1995, 2001] suggests that
adult men have stronger hemispheric specialization than
women for various tasks, including auditory, visual, and
dual-task interference, as well as language tasks [Shaywitz
et al., 1995]. Our results, with different developmental
trajectories between the hemispheres, provide preliminary
support of a sex-hemisphere interaction effect in brain
development.

Regions With MD Differences
Between Boys and Girls

Boys displayed significantly greater MD (reflecting
reduced fiber density), in the corticospinal tract at the level
of the internal capsule bilaterally, and the right frontal

lobe; while girls displayed significantly greater MD in the
right arcuate fasciculus, right occipito-parietal white mat-
ter, and the most superior aspect of the corticospinal tract
in the right hemisphere (Fig. 4, Table III). These results are
contrary to our hypothesis of greater MD values in boys
globally (the result of greater absolute white matter vol-
ume and hence less white matter density).

Our results showed evidence of regionally specific, rather
than global, differences in MD. This indicates that the differ-
ences in MD values likely reflect regionally-specific relative,
rather than global absolute, white matter volume differen-
ces. An anatomical MRI study [Gur et al., 2002] found
regionally-specific differences in gray matter, with women
showing greater relative volume in the orbital frontal cortex
but not in the prefrontal cortex; sex-related differences in rel-
ative white matter volume may exhibit similar regional spec-
ificity [Blanton et al., 2004; De Bellis et al., 2001].

In addition, three regions (right arcuate fasciculus, right
occipito-parietal white matter, and most superior aspect of
the right corticospinal tract) displayed smaller MD (indi-
cating greater density) in boys, contrary to our expectation
of greater density in girls. The right arcuate fasciculus and
right occipito-parietal white matter also displayed signifi-
cantly (P < 0.05) greater FA in boys via the post-hoc analy-
sis. As stated earlier, our hypothesis is that smaller FA and
higher MD in girls reflect a greater degree of white matter
fiber crossing in girls, necessitated due to smaller fiber den-
sity in a more constrained space concomitant with greater
dependence for cognitive function on intra- and inter-hemi-
spheric connectivity. Our results are not consistent with
myelination differences in these associative regions: a
greater degree of myelination in boys would reflect in
greater FA but also reduced density and higher MD values.

Greater MD was seen in the right frontal lobe in boys.
This result is however confounded with delayed develop-
ment in boys. The effect size was decreased when a correc-
tion was made for girls” earlier maturation (as described in
the Results section). The frontal lobes are the last to de-
velop [Casey et al., 2000; Huttenlocher and Dabholkar,
1997] and may develop later in males compared to
females, with development continuing beyond the oldest
age (18 years) available in the study.

The MD differences seen in the corticospinal tract could
reflect differences in fiber tract size or shape. Post-mortem
data from elderly subjects [Zhou et al., 2000] displayed
some microstructural differences in the corticospinal tract
between men and women, involving axonal shape and
size. Microstructural differences in the corticospinal tract
during the developmental period may be associated with
differences in performance in motor tasks which favor ei-
ther boys or girls depending on the specific task [Ruff and
Parker, 1993].

Regions With Sex—Age Interactions on MD

A faster rate of decrease of MD with age in girls as com-
pared to boys was seen in the right frontal lobe, and in the
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right arcuate fasciculus and occipito-parietal areas (Table
IV; Fig. 5), and these regions also showed a significant
(P < 0.05) sex—age interaction in FA (girls > boys) via the
post-hoc analysis. These results support the proposed sex-
hemisphere interaction effect during development, with
older girls increasingly relying on the right hemisphere for
cognitive function, and are consistent with boys’ greater
increase in absolute and relative white matter volume dur-
ing development [Caviness et al., 1996; De Bellis et al.,
2001]. It should be pointed out that a study in older adults
(mean age ~60 years) showed no significant MD differen-
ces between men and women [Ahlhelm et al., 2004], point-
ing to the possibility of sexually dimorphic white matter
maturation beyond the 18th year of life. A future study
examining the development of white matter in adults will
be necessary to investigate this hypothesis further.

A possibly counter-intuitive result is the sex—age interac-
tion effects seen in the left frontal lobe (Tables II and IV):
girls display a decrease in FA but also a decrease in MD.
However, the post-hoc analysis revealed neither a signifi-
cant sex—age effect on MD using the ROI found with a sig-
nificant sex—age effect on FA, nor a significant sex—age
effect on FA using the ROI found with a significant sex—
age effect on MD. Comparing the anatomical location of
the ROIs, the region with a sex—age interaction on FA
(Fig. 3) mainly comprises white matter adjoining the supe-
rior aspect of a classical language area (Broca’s area; BA
44/9), with only a small portion of more posterior and
inferior white matter. However, the region with a sex—age
interaction on MD (Fig. 5) mainly comprises the fronto-
occipital fasciculus and a portion of the arcuate fasciculus.
These results are consistent with previous studies showing
a greater reliance for intelligence in girls with age on func-
tional connectivity in the left hemisphere generally [Schmi-
thorst and Holland, 2006], with however a greater reliance
for intelligence in boys on functional connectivity with
Broca’s area [Schmithorst and Holland, 2007].

The Importance of Controlling for Sex
in DTl Developmental Studies

Our results provide preliminary evidence supporting the
existence of regionally specific developmental differences
in white matter microstructure between girls and boys.
Regionally specific increases in FA [Barnea-Goraly et al.,
2005; Schmithorst et al., 2002] and decreases in MD
[Schmithorst et al., 2002] with age over this age range have
been shown previously and hypothesized to be the result
of increased fiber organization, density, and/or myelina-
tion with age. Our results now show that this process of
white matter maturation may be sexually dimorphic. This
finding indicates the importance of taking sex into account
as a demographic variable in DTI developmental studies.
Many of the interesting findings (such as development in
the frontal lobes) would not be seen if the data from males
and females were simply combined, as the effects from the
two groups would cancel out. Moreover, our results indi-

cate that in sex-unbalanced samples great care must be
taken in extrapolating the results to more general popula-
tions.

Limitations of this Study

The study is subject to several limitations. A significant
fraction of the study population underwent a slightly dif-
ferent DTI protocol, involving a somewhat larger voxel
size in the L-R direction; moreover, in the middle of the
study period a major scanner upgrade occurred. It was
desired, however, to combine the data for increased statis-
tical power. The data was therefore segregated in appro-
priate groups and analyzed separately; in addition, a very
stringent mask threshold (posterior white matter probabil-
ity >0.9 and FA >0.25) was employed, to guard against
partial-volume effects from gray matter and cerebrospinal
fluid. Exploratory analyses (data not shown) indicated that
the larger voxel size resulted in significantly lower appa-
rent MD values and lower apparent FA values in some
regions in the white matter, likely because of white matter
tortuosity or crossing fibers, which would result in lower
detected FA and MD values with larger voxel sizes. Our
FA and MD values for a particular brain region and sub-
ject population may only be taken as representative for a
particular voxel size, though values are averaged across
approximately equal numbers of subjects scanned with
both protocols.

The stringent mask threshold also prevented the investi-
gation of sex differences within smaller white matter
tracts, and our relatively large voxel size would have
made such an investigation problematic with partial-vol-
ume effects because of differences in morphology being a
likely confound. We used a very conservative approach, to
guard against spurious results from partial-volume effects
and imperfect spatial normalization. We also used a strin-
gent threshold for significance in the voxelwise analyses
and validated our results using a post-hoc Monte Carlo
simulation technique. Hence, we fully expect that there
may be even more areas with sex-related differences in
white matter maturation than those found in this study.
Particularly, the main body of the corpus callosum was
excluded from analysis; further research may investigate
this area using a region-of-interest based analysis tech-
nique. A further possible confounder is handedness; previ-
ous studies have shown dependence of FA on handedness
in regionally specific areas including the corpus callosum
and superior corticospinal tract [Buchel et al., 2004; West-
erhausen et al., 2003, 2004]. Since there were no significant
differences between boys and girls in the incidence of non-
right-handedness, and the incidence overall was within the
range for a normal population, it was decided to include
the non-right-handed subjects in the analysis.

For sex differences found in mean diffusivity, it is
impossible to rule out differences in temperature as a pos-
sible confounding factor. Mean diffusivity is monotonically
related to the temperature of the sample. Thus, our differ-
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ences could be partly the result of girls having a slighter
lower temperature in their brain tissue than boys. The MRI
scanner is supercooled via cryogens, and this has the effect
of lowering the surrounding air temperature in the scanner
bore. We cannot rule out the possibility that our results
partly reflect differences in thermal regulation. A study in
adults found no sex-related differences in intraventricular
temperature [Fountas et al., 2004]; nevertheless it is possi-
ble that such an effect exists in children. While it would
appear that the differences in MD we report are signifi-
cantly larger than would be expected via naive application
of the Stokes-Einstein relation for temperature differences
on the order of 1°C, the temperature dependence on MD
for white matter may be different than predicted via the
Stokes—Einstein relation for free water.

Finally, in studies involving children, subject compli-
ance, particularly with regard to head motion, can also
become a significant issue. Head motion actually will pro-
duce two sources of artifacts: excess movement during the
diffusion-sensitizing gradient will result in slice “dropout”
or significant signal loss; moreover, gross motion during
the duration of the scan will result in misregistration of
the diffusion-weighted images. Steps taken to reduce such
artifacts included visual inspection of the scans for gross
motion, and the use of RESTORE, an advanced post-pro-
cessing technique [Chang et al., 2005] designed to account
for outliers resulting from gross motion or head motion
during the diffusion-sensitizing gradients. However, we
cannot discount entirely the possibility of motion artifacts
affecting our results, since from the fMRI data the preva-
lence of motion is seen to be significantly greater in boys
than in girls. However, the effect only just reached signifi-
cance when the fMRI datasets were restricted to the first
2:48 of data in the fMRI paradigms (corresponding to the
scantime for the DTI acquisitions) and the effect was not
significant when the fMRI datasets were restricted to the
first 2:00 of data. Thus, there does not appear to be a sig-
nificant effect over much of the DTI acquisition, and the
RESTORE technique should remove most of the datapoints
corrupted by motion. The results from the FA analysis also
yield a degree of confidence that our results were not
overly affected by the presence of motion. More gross
motion in boys would result in lower FA values in white
matter tracts because of partial volume effects, whereas
higher FA values were found in boys in many areas in the
white matter, with only one area (the splenium) showing
higher FA in girls.

Because of these limitations, and due to the remaining
possibility of Type I errors in our analysis (despite our rig-
orous procedure involving Monte Carlo simulation for val-
idating the corrected P-value) our results await independ-
ent replication. Sex differences found in exploratory analy-
ses of fMRI data have sometimes been found not to
replicate to a second study [Haut and Barch, 2006],
although this difficulty may not be as relevant in DTI data,
as it involves structural information alone and is not con-
founded by cognitive factors present in fMRI studies.

CONCLUSION

A cross-sectional DTI study was conducted on 105 chil-
dren ages 5-18 years. Regionally specific differences were
found in FA and MD between girls and boys. Girls dis-
played greater FA in the splenium of the corpus callosum.
Boys displayed greater FA in associative white matter
regions including the frontal lobes. Greater MD in boys
was found in the corticospinal tract at the level of the in-
ternal capsule and below as well as in the right frontal
lobe, while greater MD in girls was shown in the right ar-
cuate fasciculus, right occipito-parietal white matter, and
in the most superior aspect of the corticospinal tract in the
right hemisphere. Sex—age interaction effects were also
detected in the frontal lobes, and in the right arcuate fasci-
culus and right occipito-parietal white matter. The differ-
ences point to the importance of taking sex differences into
account in developmental DTI studies.
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